The polycrystalline samples of Na 1/2 Y 1/2 TiO 3 were prepared by the mixed-oxide method. A preliminary Xray structural analysis was shown to exhibit the formation of a single-phase compound with an orthorhombic structure. Microstructural analysis by scanning electron microscopy (SEM) exhibits well defined grains distributed uniformly through out the sample suggesting the compactness and homogeneity of the sample. Detailed studies of dielectric properties of Na 1/2 Y 1/2 TiO 3 in a wide frequency range (10 2 -10 6 Hz) at different temperatures (31-500˚C) show a dielectric anomaly at 105˚C, which may be related to a ferroelectricparaelectric phase transition as suggested by hysteresis loop at room temperature. An ac conductivity (σ ) of the material is mainly governed by the polaron hopping mechanism, which is also influenced by both frequency and temperature. The activation energy was obtained from the plot of temperature with a.c. conductivity.
Introduction
Since the discovery of ferroelectricity in BaTiO 3 [1] , a large number of compounds of the perovskite structure of the general formula ABO 3 (A= mono-divalent and B= tri-pentavalent ions) have been studied for industrial applications. Na 1/2 Bi 1/2 TiO 3 (NBT), a member of perovskite family, has received considerable attention over the past several years due to its superior ferroelectric/ piezoelectric properties [2] [3] [4] as compared to most of the Pb-based * E-mail: crnpfl@phy.iitkgp.ernet.in compounds such as Pb(Mg,Nb)O 3 , PbTiO 3 -PbZrO 3 etc. Lead and its compounds are toxic and hazardous in the form of direct pollution originating from manufacturing and machining of the components. Besides, products containing Pb-based gadgets are not recyclable. The use of hazardous substances such as lead in electrical parts has been prohibited since 2006 [5] . In recent years, a number of perovskite oxides of ABO 3 -type (lead-free materials) have been discovered for potential applications. Furthermore, titanate-based materials are of much interest as they are suitable for room temperature applications mainly due to their high dielectric constant, low tangent loss and transition temperature above room temperature. Taking these aspects into account, search of lead-free environmental-friendly compounds having comparable or superior electrical properties for industrial applications, are the main trends of research nowadays [6, 7] . Recent studies of some identical perovskite compounds such as Na 1/2 La 1/2 TiO 3 [8] , (Na 0 5 Bi 0 5 )(Zr 0 25 Ti 0 75 )O 3 [9] , Na 1/2 Nd 1/2 TiO 3 [10] etc. showed excellent material properties. One such ceramic of this series is perovskite Na 1/2 Y 1/2 TiO 3 which is a new compound of lead free composition and mechanically tough material. In view of the above, we have studied the structural and dielectric properties of the above compound in detail as reported herein.
Experimental details
The polycrystalline samples of Na 1/2 Y 1/2 TiO 3 (NYT) were prepared by a high-temperature solid-state reaction technique using high purity ingredients (≥ 99.9%); Na 2 CO 3 , Y 2 O 3 and TiO 2 with a suitable stoichiometry. The ingredient oxides and carbonate were mixed thoroughly; first in an atmospheric air for 1 h and followed by alcohol (i.e., methanol) for 1 h. The ingredients of the mixture were calcined in a platinum crucible at an optimized temperature and time (1200˚C for 6 h). For this, grinding and calcinations were repeated several times until the formation of a single-phase compound was obtained. The calcined fine powder was cold pressed into cylindrical pellets of 10 mm diameter and 1-2 mm of thickness at a pressure of 5×10 6 
Nm
−2 using a hydraulic press. Polyvinyl alcohol (PVA) was used as binder to reduce the brittleness of the pellets. The binder was burnt out during high-temperature sintering. The pellets were sintered at 1240˚C for 8 h in an atmospheric air using a platinum crucible, and were cooled at a rate of 3˚C/min. Preliminary structural studies of the calcined powder was carried out by x-ray diffraction (XRD) technique using an X-ray powder diffractometer (Rigaku Miniflex, Japan) with CuKα radiation (λ = 1.5405 Å) over a wide range of Bragg angles 2 θ (20 0 ≤ 2 θ ≤ 80 0 ) with a scanning rate of 3˚min −1 . For dielectric characterization, the sample was polished and electroded with a silver paste, then fired in atmospheric air for 4 h and cooled to room temperature before taking any measurements. The dielectric constant and loss tangent were determined as a function of frequency (10 2 Hz-10 6 Hz) at different temperatures (30-500˚C) using HIOKI 3532 LCR Hi-TESTER in conjunction with a laboratory-made sample holder and heating arrangement with an ac signal (voltage 1.3 V). A chromel-alumel thermocouple and digital multimeter (M/S Electronic of India, DM 6108) were used to measure the temperature. All the above measurements were recorded within a small temperature interval (≈2˚C). For the polarization measurement, the sintered sample was poled at 9 kV/cm for 24 h. Then (P-E) hysteresis loop of the poled sample was recorded at room temperature using workstation of loop tracer (M/S-Radiant Technologies Inc., USA). Because of the dielectric break down, it was difficult to pole this sample properly at high electric fields and elevated temperatures. The room temperature XRD pattern (Fig. 1 ) of sintered pellet of the compound NYT shows the formation of a single-phase new compound. All of the reflection peaks were indexed in different crystal systems and unit cell configurations with Bragg's angles 2θ. Using the observed inter-planar spacing (d ) of all the peaks of XRD pattern, unit cell parameters were obtained in different crys- tal systems with the help of a standard computer program package POWD 1 . Finally, an unit cell of orthorhombic crystal system was selected for which Σ∆d = Σ(d -d ) was found to be minimum. Table 1 compares the observed (obs) and calculated (cal) d values (in Å) of some reflections of Na 1/2 Y 1/2 TiO 3 at room temperature. The leastsquares refined unit cell parameters of this material are: = 3.8039(7) Å, = 3.7943(7) Å, = 3.8118(7) Å (estimated standard deviation in parenthesis). This unit cell ( ∼ = ) may be considered as a distorted cell of a tetragonal system on substitution of Na/Y of the A-sites of the perovskite. As we did not observe any tetragonal splitting in this XRD pattern, the selection of the orthorhombic system is justified. This distortion is also supported by the value of the tolerance factor ( = 0.945), which was calculated using the relation = (R A + R O )/2 1/2 (R B + R O ) [11] , where R A and R B are average ionic radii of A-and B-site atoms and R O is the ionic radius of O 2− . The scattered crystallite size (P) of NYT is determined from the broadening of a few XRD peaks using the Scherrer's equation [12] , P = K λ/(β 1/2 cos θ ), where K = constant = 0.89, λ = 1.5405 Å and β 1/2 = peak width of the reflection at half intensity. The crystallite size of the compound is in the range of 5-8 nm. Fig. 1 (inset) shows scanning electron micrograph of a sintered pellet. The grains are uniformly distributed throughout the surface of the sample which suggests the compactness (high density) and homogeneity of the sample. Some aglomentations are seen on the surface of the sample. Also, the nature and distribution of microstructures suggest the formation of a single-phase compound. The grain size of NYT is in the range of 1-3 µm. The presence of voids of irregular dimensions indicate that the pellet sample has certain amount of porosity. Fig. 2 shows the variation of relative dielectric constant (ε ) and loss tangent (tan δ) of NYT with frequency at room temperature. It is observed that the value of ε decreases slowly with increasing frequency, and tan δ value decreases slowly up to 15 kHz, and then increases with increasing frequency. This suggests that the material under investigation has a normal ferroelectric feature, and it shows relaxation behavior at room temperature [13, 14] . Fig. 3 shows the variation of ε and tan δ with temperature of NYTfor three different frequencies at 1, 10 and 100 kHz. The value of ε for this compound increases gradually on increasing temperature to its peak value (ε ) at a temperature T (usually called as transition temperature), and 1
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thereafter it decreases. The peak values of ε (ε ) at 1, 10 and 100 kHz were found to be 246, 225 and 213 respectively. The values of ε show frequency-independent maxima at 105˚C, suggesting ferroelectric-paraelectric type of phase transition at a particular temperature. On further increase of temperature, the relative dielectric constant increases faster. In the high-temperature region, higher value of ε may be due to space charge polarization, which comes from mobility of ions and some imperfections in the material. The P-E loop of NYT is shown in Fig. 4 , in which a small expected polarization of 2P = 0 3 µC/cm 2 was found. Though remnant polarization of the sample is small, it confirms the ferroelectric property of the sample. The ac conductivity ( σ ) was calculated from dielectric data using an empirical relation: σ = ε 0 ε ω tan δ [15] , where ε 0 is the permittivity in free space and ω the angular frequency. Fig. 5 shows the variation of ac conductivity (σ ) with absolute temperature (10 3 /T) at 1, 10 and 100 kHz. It is clear that at higher temperatures, all the curves (at 1, 10 and 100 kHz) appear to merge a single one indicating the occurrence of frequency-independent dc conduction phenomenon. The value of activation energy corresponds to the energy required for the polaron to jump over the grain boundaries. As the temperature increases, the polarons gain sufficient thermal energy for activation to cross the barrier. Thus it is clear that the ac conductivity (σ ) in this material is governed by the polaron hopping mechanism and the conductivity is also influenced by both frequency and temperature. The value of activation energy, calculated using σ = σ 0 exp(−E /K B T ) (where the symbols have their usual meanings), of the compound at 1, 10 and 100 kHz was found to be 0.11, 0.01 and 0.03 eV in the low temperature (31-95˚C) ferroelectric phase, and 0.22, 0.10 and 0.04 eV in the high temperature (178-263˚C) paraelectric phase respectively. Generally, for the higher value of activation energy (∼1 eV) in the high temperature range, the oxygen ion vacancies play a dominant role due to the fluctuation of valence states of the transition elements at the B-site. The above low values of activation energy in the studied temperature range suggest that the oxygen ion vacancies have negligible role in NYT. In the ferroelectric phase of this material, it appears that the polarons as charged species may be responsible at low activation energy [16, 17] . Here the partial substitution of Y at the A-site helps in reducing the defects because Y exhibits greater non-volatility in comparison to Na. This enhances the insulating behavior and prevents the undesirable conductivity contribution arising from the defects.
Conclusions
The Na 1/2 Y 1/2 TiO 3 compound prepared by a hightemperature solid-state reaction technique shows an orthorhombic (pseudo-tetragonal) structure. The formation of single-phase compound in the orthorhombic structure was confirmed by XRD analysis. The grains are homogeneously distributed through out the sample of the compound with some aglomentations. The ferroelectric transition was confirmed by observation of hysteresis loop at room temperature. A polaron hopping mechanism in ac conductivity (σ ) of the material is exhibited, which is influenced by both frequency and temperature.
